Network operators are looking towards LTE-LAA as a means of extending capacity by offloading traffic to unlicensed bands. However, operation in these bands requires abiding to certain coexistence rules in terms of channel access. The description of these rules in existing literature is not always in line with the latest standards. Therefore, in this paper, we clarify the operation of LAA, focusing on channel access and methods of providing Quality of Service (QoS) support. In terms of coexistence, we evaluate the impact of LAA under its various QoS settings on Wi-Fi performance in an experimental testbed. Finally, we describe the future evolution of LTE-based technologies in unlicensed bands considering the latest developments.
Introduction
The world-wide availability of unlicensed bands has led to the widespread development of several technologies: from wireless personal area networks (e.g., based on Bluetooth) to wireless local area networks (based on Wi-Fi). The freely available spectrum in these bands has come to the attention of 3GPP, which hopes to alleviate LTE's capacity problems by partially offloading data transfers into these bands. However, national regulators want to ensure that fair channel access is given to all technologies operating in unlicensed bands. This has led to the recent study of coexistence between LTE and Wi-Fi, the predominant technology operating in the aforementioned bands [1] .
The use of unlicensed spectrum was initially proposed by the LTE-U Forum to showcase how to leverage unlicensed frequencies in an LTE-like manner. However, because LTE-U did not implement a fair channel access mechanism, its commercial deployments were possible only in countries in which regulators did not require such a mechanism, such as in the US and China. License Assisted Access (LAA), as the successor of LTE-U, became standardized by the 3GPP in 2015 with Release 13. The main difference between LTE-U and LAA lies in channel access: using the LBT (Listen Before Talk) mechanism allows LTE-LAA to co-exist with incumbent access technologies such as Wi-Fi on a "fair" and "friendly" basis [2] [3] .
The main goal of LAA is to enable offloading data traffic into unlicensed 5 GHz bands. This is achieved through LTE's carrier aggregation and supplemental downlink protocols. In principle, LTE offers better coverage and higher spectral efficiency compared to Wi-Fi and, with LAA, allows seamless flow of data across licensed and unlicensed bands in a single core network. From the user perspective, this should translate to an enhanced broadband experience, higher data rates, seamless use of both licensed and unlicensed bands, with high reliability and robust mobility through the licensed anchor carrier.
The study of coexistence issues between LTE and Wi-Fi has been the subject of recent research ( Table 1 ). We have found that while many papers cover LAA (as the standardized successor to LTE-U), few discuss the exact operation of its medium access protocol (LBT) and usually present results from analytical or simulation models. Additionally, the LBT protocol itself has changed in recent years. LBT is formally defined in the ETSI EN 301 893 standard and its latest version is 2.1.1 (published in May 2017, effective since June 2018). However, most research and tutorial papers on LAA describe LBT operation according to its older versions (Table 1) . Similarly, LAA's channel access is often described according to 3GPP's Technical Report 36.889 (2015) and not as standardized in 3GPP's Technical Specification 36.213 (2018). Based on the above considerations, we provide the following contributions in this tutorial: 1) clarification of the operation of LAA, focusing on its channel access rules; 2) description of the changes which were introduced in ETSI EN 301 893 v2.1.1, focusing on Quality of Service (QoS) support; 3) evaluation of the impact of LAA under its various QoS settings on Wi-Fi performance in an experimental testbed in-line with EN 301 893; 4) description of the future evolution of LTE-based technologies in unlicensed bands. Finally, we conclude the paper with an evaluation of LAA from an operator and user perspective. In terms of data transmission, LAA's technical implementation is based on LTE with OFDMA used in the downlink with a variety of possible modulations (from QPSK up to 256 QAM) 1 . The default size of a Wi-Fi channel in the 5 GHz band is 20 MHz, which is also the maximum carrier bandwidth defined by 3GPP for LTE. Hence, LAA uses 20 MHz channels, which can be aggregated or bonded in multiples of 20 MHz.
At the MAC layer, LAA differs slightly from LTE. Recall that medium access in LTE is fully under the control of the base station (the evolved node B, eNB) in terms of both downlink and uplink scheduling. The eNB disseminates scheduling decisions by sending DCI (Downlink Control Information), which includes transmit power control commands, downlink assignments or uplink grants. In this architecture, the user equipment (UE) cannot send anything (apart from a service request using the random access procedure) in the uplink without the eNB's permission in the form of an uplink grant.
To receive such a grant, a UE must either send a resource allocation (scheduling) request or report its buffer status at the request of the eNB.
Similarly to LTE operation in licensed bands, in LAA the eNB retains full control of scheduling on the secondary carrier. This leads to a lack of contention among UEs connected to a single eNB, but, due to the presence of other, non-LAA transmissions, the actual transmissions are subject to coexistence mechanisms (such as LBT), as described in the next section.
Coexistence with other technologies
Inter-network coexistence in unlicensed bands requires that channel access is performed in a fair manner. ETSI EN 301 893 defines such rules and LAA fulfils them by implementing two main functionalities. First, dynamic frequency selection (DFS) avoids channels on which interference from radar systems has been detected. This is extended by LAA's dynamic channel selection (DCS) which measures each channel's congestion (in terms of transmissions from other technologies) and moves traffic to less occupied channels. DCS algorithms are vendor-specific but rely on channel measurements such as transmission success rates and received signal strength. The second functionality defined by ETSI is LBT, which encompasses two mechanisms: frame-based equipment (FBE) and load-based equipment (LBE). The former is suitable for strictly periodic transmissions, but to the best of our knowledge has not been employed by any LTE-based vendor. Meanwhile, the latter (LBE) is suitable for both Wi-Fi and LAA and we proceed with the description of its operation principles and how it is adopted by LAA.
Rules of LBT
According to ETSI EN 301 893, the channel access rules of LBT (in the LBE variant) are based on prioritized, truncated exponential backoff: 1. A device initiating a transmission first waits for the channel to be idle for 16 μs. An idle channel is when there is no other transmission detected above an energy detection threshold level (EDTL), defined between -75 and -85 dBm/MHz (depending on the maximum transmit power of the coexisting device). 2. Next, the device performs a clear channel assessment (CCA) after each of the m required observation slots (each slot lasting at least 9 μs). A successful CCA decrements m by 1, whereas channel occupancy resets m. Once m reaches 0, the device can proceed to the backoff stage. 3. For the backoff stage, the device selects a random whole number N in {0, ..., CW}, where CW is the contention window. CCA is performed for each observation slot and results either in decrementing N by 1 or freezing the backoff procedure. Once N reaches 0, a transmission may commence. 4. The length of the transmission is upper bounded by the maximum channel occupancy time (MCOT), explained in the next section, but never longer than 10 ms. 5. If the transmission is successful, the responding device may send an immediate acknowledgement (without a CCA) and reset CW to CWmin. If the transmission fails, the CW value is doubled (up to CWmax) at the transmission initiating device before the next retransmission. Note that we have opted for the 3GPP notation regarding the required number of fixed (m) and random (N) slots, which in the ETSI specification are referred to as p and q.
Changes in ETSI EN 301 893 v2.1.1
Before explaining how LBT is used by LAA, we believe it is necessary to explain the changes that occurred between two main versions of ETSI EN 301 893: from 2015 (v1.8.0) and from 2017 (v2.1.1). This distinction is important because several key changes were made in LBT operation and much of the literature describing LAA (Table 1) has become slightly outdated. Channel access in the older standard differs from the newer one mostly in the following points:
• The minimum required channel idle time prior to transmission was 20 μs.
• There was no fixed number of additional observation slots (m = 0).
• The number of random additional observation slots (N) was chosen based on one of two options: ○ Option A: the CWmin and CWmax values were fixed at 16 and 1024, respectively, observation slots lasted 18 μs, and MCOT was fixed at 10 ms. ○ Option B: CWmin was equal CWmax and their values were selected by the manufacturer in the range of 4 to 32, observation slots lasted 20 μs and MCOT was set to 13/32 times the selected CW value (in ms). • The backoff countdown procedure (described in point 3 above) was referred to as extended CCA (ECCA); no such term is used in the current standard, although the principle has remained.
• There was no support for QoS traffic differentiation (as explained in the next section). Therefore, any descriptions of LAA containing the features listed above can be considered obsolete.
LAA Channel Access
The current version of LBT resembles the enhanced distributed channel access (EDCA) of IEEE 802.11. Indeed, EDCA served as a basis for the definition of these rules. However, the main difference in the operation of LAA is that it is based on LTE which employs scheduled channel access. On the other hand, 802.11 uses random channel access. These two opposing methods are united in LAA through the following procedure. As in LTE, the scheduler prepares data to transmit in each 1 ms subframe. This data is prepared with a 4 ms advance and sent to the lower layers of the eNB for transmission. Any UE-decodable data has to be sent within a 1 ms duration called the transmission time interval (TTI). The start of the LBT procedure described above needs to be somehow aligned with this mechanism, though how this is exactly done is vendor-specific. One option is an early LBT start and transmission of a reservation signal, which would last from the moment of gaining channel access until the subframe starts. This option allows for early channel reservation but lowers the maximum achievable throughput as the reservation signal is counted into the MCOT and is not favored by 802.11 [13] . Another strategy is to initiate the LBT at an appropriate time prior to the subframe start so that if it is successful, the data transmission can commence immediately. This method provides better throughput results, but one risks that the channel is already reserved, e.g., by another device using the former strategy. Regardless of what method is used, any useful data sent from the eNB to the UE must begin at the start of the subframe 2 . LAA uses a hybrid automatic repeat request (HARQ) method to report the success (or failure) of decoding a transmission: the UE sends an acknowledgement (ACK) or negative acknowledgement (NACK) over the licensed band (recall that this is the only available uplink in LAA) and the scheduler invokes a retransmission procedure which is vendor-dependent but usually has higher scheduling priority. Also, if the NACKs for a given reference subframe exceed a threshold, the CW size is doubled (and reset otherwise) [13] . Figure 1a illustrates how subframes scheduled for transmission by the LAA scheduler can be sent over an unlicensed channel (assuming no reservation signals are used). For the first subframe the LBT procedure could start but the LAA transmission was preempted by another device accessing the channel. For subframes such as this, which were scheduled but not transmitted, LTE's higher layers will initiate the retransmission of the subframe. Finally, we see that LBT is successful prior to subframe 2 and several subframes may be transmitted in succession (as limited by MCOT). Afterwards, the channel is released.
Additionally, LAA requires a minimum amount of signaling in the unlicensed band for the UE to remain synchronized. To this end the eNB sends so called discovery reference signals (DRS) and it is transmitted DMTC (DRS measurement timing configuration) windows. A DMTC window always lasts 6 ms (out of which 1 ms is occupied by the DRS). The DMTC's periodicity can be set to 40, 80, or 160 ms. If an ongoing data burst occurs during the DMTC, the DRS can be multiplexed with the user data. If there is no ongoing data burst (but data is scheduled to be sent), a short DRS-only burst will take priority. In some cases, a data burst can also be shortened to maximize the probability of transmitting DRS-only bursts (Figure 1b) . As we will demonstrate, DMTC's periodicity only slightly impacts LAA's coexistence with Wi-Fi. 
QoS in LTE-LAA
QoS has become an important part of designing LTE networks for supporting both data and voice services. There are cases in which LTE services are used for critical operations (such as voice calls) and cases where LTE is used in situations where only best effort service is required (such as Internet browsing). To this end, QoS in LTE follows a class-based approach: there are bearers with guaranteed bit rate (GBR) and bearers that do not have guaranteed bit rate (Non-GBR). The default bearer, which is established when the UE is initially attached to an LTE network (in licensed channels), is always a Non-GBR bearer. In unlicensed spectrum, LTE cannot provide a guaranteed bit rate, due to contention from other systems and thus, in principle, only Non-GBR bearers can be used in that spectrum. However, the eNB constantly monitors the quality of the unlicensed channels and may attempt to deliver QoS sensitive applications over the unlicensed band if the quality of the unlicensed channel is deemed sufficient. Nonetheless, the eNB always has the LTE licensed spectrum to fall back on (without terminating the connection). 
DMTC Window
At the next level of differentiation, QoS Class Identifiers (QCIs) are used to ensure that a bearer's traffic is assigned an appropriate QoS. Each LTE QCI is mapped to a priority level ( Table 2 ). If congestion occurs, the lowest priority level traffic is the first to be discarded. The Non-GBR bearers, applicable to LAA, have a QCI from 5 to 9. With subsequent LTE releases, 3GPP has extended the set of QCIs, but none of them are to be used in unlicensed spectrum.
LTE's QCIs and priority levels are mapped to LAA through the priority classes parameters of ETSI's LBT ( Table 2 ). As described in the previous section, channel access is determined by the required number of fixed (m) and random (N in {0, …, CW} for CW in {CWmin, … ,CWmax}) idle channel slots. Therefore, classes with higher priority have lower m and lower {CWmin, CWmax} values (roughly similar to Wi-Fi's EDCA parameter set). This higher priority in channel access is offset by the maximum length of the channel occupation (MCOT), where the lowest priority classes can transmit the longest in a single burst. This reflects both the short packet sizes of high-priority services as well as the bursty nature of best effort traffic. In the next section, we demonstrate the impact of the priority class settings on coexistence with Wi-Fi. Experimental Results Figure 2 . The experimental test setup used to measure Wi-Fi performance in an LAA coexistence scenario. This setup is complaint with standard setup defined in ETSI EN 301 893 ( Figure 14) .
We used an experimental test setup to measure network performance in an LTE-LAA and Wi-Fi coexistence scenario (Figure 2 The main goal of the experiments was to verify how the QCI (priority class) of the established LTE-LAA bearer and the DMTC period of the LTE-LAA cell influence the fairness in resources division in the unlicensed band. To vary the QoS of LAA traffic, we used the following bearers:
• QCI 9 for low priority traffic • QCI 7 for higher priority traffic, • QCI 5 for highest priority traffic. We also changed the DMTC window settings (40, 80, or 160 ms). Wi-Fi transmissions were measured in the presence of simultaneous LTE transmissions. The most important performance metrics of the Wi-Fi traffic (throughput and delay) were measured and calculated using iPerf (configured to saturate the network) and ping (default settings) on the Wi-Fi client side (in separate measurements).
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Throughput Performance Figure 3 . Wi-Fi throughput performance in the coexistence scenario. The 95% confidence intervals are shown.
We began the LAA/Wi-Fi coexistence measurements by establishing a baseline: the maximum UDP throughput was measured at the Wi-Fi station without the presence of LTE-LAA traffic. Assuming that fair coexistence in the unlicensed band would result in dividing the resources equally between transmitting devices, the coexistence baseline for Wi-Fi should be 50% of this measured throughput. In our testbed the measured Wi-Fi throughput without LAA interference was 67 Mbit/s, resulting in a 50% baseline of 33.5 Mbit/s. Next, we measured Wi-Fi throughput under coexistence with various LTE-LAA configurations ( Figure  3 ). Based on the received results it can be observed that when the LTE-LAA cell uses QCI 9 bearers, the Wi-Fi throughput is close or slightly above the baseline. This translates to fair, indeed almost perfect, LTE-LAA and Wi-Fi coexistence. Furthermore, using a shorter DMTC period (40 ms) resulted in higher Wi-Fi throughput because sending DRS bursts with a higher periodicity, causes the long (up to 8 ms, cf. Table 2 ) data bursts to be terminated or prevented more often than with lower DMTC periodicity.
For the QCI 7 bearer, LAA's MCOT is decreased almost three times which led to a much higher Wi-Fi throughput (exceeding the baseline by 60%). The reduction of the m and CW parameters did not compensate the loss in transmission length. Also, the reduced MCOT did not allow to observe any impact of DMTC periodicity on Wi-Fi throughput. In this case, LTE-LAA it is clearly a better neighbor for Wi-Fi.
Finally, when LTE-LAA uses a QCI 5 bearer, the observed Wi-Fi throughput is around 22% below the baseline. This is caused by the significantly reduced m and CW parameters: assuming a low collision probability, the average backoff slots before transmission for LAA would be m+CWmin/2=2.5 as compared to Wi-Fi's 10.5. This leads to the conclusion that in this configuration the level of fairness in terms of coexistence between LTE and Wi-Fi is lower than in cases with QCI 7 and QCI 9 bearers. However, QCI 5 3 is designed for only IMS signaling and there are throughput limitations on the traffic which can be transferred with this priority (typically no more than 256 kb/s). Therefore, in a real-world deployment, the presence of high-rate LAA traffic using QCI 5 should never occur.
Delay Performance
We analyzed the impact of LAA on the delay of Wi-Fi transmissions by using the round-trip time (RTT) as a metric of latency. We began by measuring the baseline: the average RTT observed at a Wi-Fi station without the presence of LTE-LAA traffic (1 ms in our case).
The measurement results show that LAA traffic has a strong, negative impact on the delay of Wi-Fi (Figure 4) . In contrast to throughput performance, the most significant delay degradation is observed when LAA traffic was sent with QCI 9. The observed average RTT was 13.1 ms. This 1300% increase of the RTT for Wi-Fi is caused mostly by the long MCOT time (8 ms) of QCI 9 traffic. Since LAA occupies the channel for 8 ms it must introduce at least 8 ms of additional delay. This explains why the average RTT is higher than 8 ms.
When LAA traffic is sent with QCI 7, the measured average RTT for Wi-Fi was 5.09 ms. This means an improvement of almost 8 ms compared to priority class 3 LAA traffic, mainly caused by the shorter MCOT (3 instead of 10 ms). A similar trend can be observed when LAA uses QCI 5. The average RTT equals 4.81 ms and is slightly shorter than for priority class 2. We conclude that even though several LBT parameters determine the probability of channel access, MCOT has the most significant impact. Our additional results (not presented here) showed that the impact of DMTC periodicity on RTT is negligible. 
Evolution of LTE in Unlicensed Bands
Since the release of LAA, much conceptual and standardization work has been done in the area of adopting LTE to unlicensed operation. The latest 3GPP Releases (14 and 15) describe Enhanced LAA (eLAA), which enables using the unlicensed band also in uplink. For eLAA, uplink operations are more complicated because of the requirement for two successful LBT-based channel access attempts: one for grant transmission (downlink) and one for the actual data (uplink). Scheduling and grant delays may have a negative impact on eLAA uplink performance. Additionally, the need for performing LBT on the UE side complicates the hardware of the end-devices. We await the availability of Rel-14 and Rel-15 devices to determine their performance also in the uplink. However, eLAA may not be massively deployed. We foresee that operators will switch to 5G, also in terms of providing unlicensed access, where further performance improvements can be expected. In fact, 3GPP Rel-16 will include a 5Gtailored version of LAA called NR-U (New Radio Unlicensed) [14] .
Standalone LTE deployments operating only in unlicensed bands are an interesting alternative to LAA. MulteFire [15] proposes to deploy an LTE standard carrier with no licensed anchor. Benefitting from the advantages of LTE over Wi-Fi (especially mobility), it could be used to create "private LTE" networks, useful for industry applications such as large warehouses and transshipment ports. MulteFire could potentially disrupt the classical mobile operator business model. Currently, 3GPP is also planning a standalone version of 5G NR-U as an alternative to MulteFire. However, the problem of uplink LBT seems to have more obstacles than just technical ones. Practical use cases and business factors (especially single device cost) are important challenges which will determine the technology's usefulness.
With the congestion of existing unlicensed bands (2.4 and 5 GHz), the opening of new bands by national regulators for unlicensed access would provide more resources for the operation of 3GPPbased technologies (LAA, MulteFire, NR-U). One approach is the reallocation of the 6 GHz band which encompasses 1.2 GHz in the US and 500 MHz in Europe. The incumbents in this band are mainly fixed/mobile radio links and fixed/mobile satellite services. In the US, the FCC is analyzing a coexistence study report (submitted by a coalition of Wi-Fi-related companies) and its chairman Ajit Pai stated on December 20, 2018 that he is "optimistic that we will be able to make [6 GHz] available for unlicensed use in 2019". Similar efforts are being conducted in Europe and it is expected that in the coming years the 6 GHz band will become available worldwide. Furthermore, 3GPP is awaiting the freeing of the Citizens Broadband Radio Service (CBRS) unlicensed band in the USA, which would allow operators to deploy LTE cells in 3.5-3.7 GHz. CBRS is a military and satellite band which has been freed for civil use provided that the carrier can promptly shut down any transmissions in a given area upon request (issued from a central server).
Looking at the success of LAA, and the attention that unlicensed bands are receiving, it is clear that some of the operators and vendors will keep pushing for new spectrum in the shortly upcoming standardization releases. Nonetheless, since unlicensed bands are a shared resource, it is necessary for all technologies operating within them to coexist fairly and efficiently. This necessitates, among others, discussion between the major stakeholders, such as the coexistence workshops organized by IEEE and 3GPP 4 .
Conclusions
Evaluating LAA from a mobile network operator perspective, it is an especially beneficial technology for those operators who do not have enough licensed bandwidth needed to meet their needs. This is one of the reasons why LAA equipment is selling particularly well in the USA. Other countries with LAA deployments, according to the Global mobile Suppliers Association's "LTE in Unlicensed and Shared Spectrum" report from April 2019, include Italy, Hong Kong, Thailand, Turkey, and Russia. In Europe, LAA is less popular due to radio restrictions imposed on outdoor deployments such as DFS to avoid interfering with radar systems. Furthermore, in countries such as Poland, where the lack of licensed bandwidth for end users has only recently been observed, LAA is only now currently being considered for deployment.
In terms of LAA being a "Wi-Fi killer" we feel this is not the case for several reasons. First, both LAA and Wi-Fi have different use cases, with Wi-Fi's strength being standalone deployments and fewer restrictions. Second, as long as enough free channels are available, coexistence issues can be minimized. This is further alleviated by the upcoming use of higher frequencies (which leads to lower interference between adjacent cells) and the availability of new bands (such as 6 GHz) though at the same time magnified by the use of channel aggregation (802.11be is looking into 320 MHz channels). Third, according to Cisco's Mobile VNI report from February, 2019 5 over 50% of Internet traffic will be carried by Wi-Fi devices in 2022. It will take some time to radically alter this statistic. For this to occur, 5G will need to become ubiquitous and NR-U equipment -an affordable alternative to Wi-Fi.
